We studied female fertilization status in North Sea summer populations and laboratory cultures of the marine copepod Temora longicornis and found fractions of fertilized females in both field and laboratory populations that were much smaller (,50%) than predicted by a theoretical model that assumes random mating. Such low fertilization rates are normally related to environmental factors such as poor food or low densities, which we could not confirm in our experiment. Male density was negatively related to fertilization rate, and a large fraction of males did not mate in laboratory incubations. We therefore suggest that sexual selection, through mate choice or male -male competition could account for low fertilization rates of females in populations of pelagic copepods during some periods of the year.
I N T RO D U C T I O N
Female sperm limitation seems to be common in marine benthic invertebrates with external fertilization, where it affects population dynamics and life-history strategies (e.g. Levitan and Petersen, 1995) . Most pelagic invertebrates have internal fertilization, and sperm limitation may similarly occur in, for example, copepods (Parrish and Wilson, 1978; Kiørboe, 2007) . However, observations of the fraction of fertilized females in copepods or other zooplankton field populations are rare (but see Hopkins, 1982; Uye and Sano, 1995) . Low egg-hatching rates in field and lab populations of copepods have been attributed to detrimental or poor female diets (e.g. Ianora et al., 2003; Jónasdóttir et al., 2009) . Males have been almost neglected in studies of the reproductive ecology of copepods, and the limited knowledge about male reproduction and mating ecology comes from few laboratory studies that show low male mating rates (Kiørboe, 2007; Kiørboe, 2010, 2011; Sichlau and Kiørboe, 2011) . Poor male mating performance could strongly limit female fertilization even when population abundance is high enough to ensure a high mate encounter rate (Kiørboe, 2006 (Kiørboe, , 2007 and could explain cases of low egg hatching success under otherwise suitable environmental conditions. However, the effect of male abundance on female fertilization status has not been studied in natural populations of pelagic copepods.
Sexual selection offers alternative explanations to low fertilization rates, because mate competition, mate choice and mate coercion can decrease mating rates (Andersson, 1994) , and hence could lead to reduced population viability (Møller and Legendre, 2001; Kokko and Brooks, 2003) . Recent empirical and theoretical studies have demonstrated sexual selection by mate choice in copepods Kiørboe, 2010, 2011; Sichlau and Kiørboe, 2011; Heuschele et al., 2012) . The strength and direction of sexual selection is affected by mate availability and encounter rates (Kokko and Rankin, 2006) , but this has not yet been experimentally addressed in copepods.
Here, we examine the fertilization status of the pelagic copepod Temora longicornis from laboratory and North Sea summer populations, and compare them to theoretical predictions that assume non-selective matings. We quantify male mating rates and examine whether the fertilization of females is influenced by adult abundance, male mating capacity and the environment, and discuss the potential role of sexual selection.
M E T H O D Sampling and culturing
We performed experiments with wild and lab cultured copepods. The field study was carried out during a cruise in the North Sea in August 2010 (Fig. 1) . We sampled six stations between 5:00 and 6:00 AM (local time). Adult copepods were collected by several vertical net hauls from 1 m above the bottom to the surface, using a WP-2 plankton net (250-mm mesh size). The contents of one net haul per station were preserved in 4% formaldehyde in seawater to analyze density and sex ratio. We recorded water column profiles of temperature, salinity and fluorescence using a CTD (Seabird SBE 911þ) attached to a rosette sampler equipped with 12 Niskin bottles of 5 L each. Phytoplankton biomass was estimated as the Chlorophyll a (Chl-a) pigment concentration in the maximum fluorescence depth and at the surface. The protocols for pigment extraction in ethanol and concentration measurements were standard (Jespersen and Christoffersen, 1987) . Water for incubation experiments was collected with Niskin bottles at the depth of the fluorescence maximum. If no distinct maximum fluorescence layer was present, we collected water from 10 to 20 m depth. This water was passed through a 40 mm mesh to remove mesozooplankton, eggs and nauplii before being used in the experiments.
Our lab culture came from copepods originally isolated from the Kattegat area (Baltic Sea), and they were kept in continuous cultures in darkness, at 148C and a salinity of 32 PSU in the laboratory at The National Institute of Aquatic Resources in Charlottenlund (Denmark). The cultures were fed a mixture of Rhodomonas salina, Prorocentrum minimum, Thalassiosira weissflogii and Heterocapsa triquetra.
Experiments
All experiments were run at 148C in a cold room with 12/12 h dark/light period onboard the research vessel DANA or in darkness in the laboratory. Incubation bottles were sealed without a head space and rotated on a plankton wheel (1 rpm) to avoid the sedimentation of food particles. Rotation does not affect mating success in copepods (Choi and Kimmerer, 2009 ). In the laboratory, copepods were fed a mixture of the flagellate R. salina and dinoflagellate P. minimum provided in excess (.300 mg C L
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, Dam and Peterson, 1991) . At sea copepods were fed on the natural food assemblage, as we were interested in in situ data.
Fraction of fertilized females
We measured the fraction of female T. longicornis that produced fertilized eggs (fraction of fertilized females: FFF) in field and in laboratory populations, by individually incubating females in 69 mL flasks. After 36 h females were removed and the flasks checked for eggs. We considered a female as fertilized if we found at least one nauplius after additional 60 h incubation. The number of replicates (22 -57) per station varied with availability of copepods. In the laboratory, we incubated 30 females from each of four culture tanks. Each culture tank is an independent population that differed in age distribution and thus population composition.
To test whether fertilization rates are driven by sex ratio and density alone, we compare our observed fraction of fertilized females with a theoretical fraction derived from a model developed by Kiørboe (Kiørboe, 2006) . This steady state model is based on the calculation of mate encounter rates and assumes no mate selectivity and that each encounter leads to a successful mating. An encounter is defined as the male finding the pheromone signal of a female. In T. longicornis males are searching for females. The model applies to species where re-insemination is needed, because T. longicornis lacks a spermatheca, and males have a limited mating capacity. It is formulated as follows:
The mate encounter rate depends on the product of the volumetric mate searching rate, b (i.e. the volume of water males can screen daily for females; 0.17 m 3 day
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from Doall et al., 1998) , on the concentration of adults C (ind. m
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), and on the sex-ratio p (males/females). The number of matings is reduced by a male reproductive 'time out', a (i.e. time needed to produce a new spermatophore as estimated in our experiments). The model also accounts for the reproductive 'time out' of the female, t, i.e. the duration of time after one mating that the female needs no re-mating to fertilize eggs; 13.56 days (own results).
Male mating rate
To measure maximum male mating rate, we incubated 15 groups, each consisting of 1 male and 10 females of field-caught T. longicornis, for 24 h in 700 mL bottles. This incubation volume does not limit mate-searching rate in small copepods Choi and Kimmerer, 2009) , and the male mating rate was not encounter limited due to the high availability of females, which also minimizes the potential effects of mate selection. We used only females without attached spermatophores to increase their willingness to mate during the incubation. To capture the natural variability related with mating history, males were not isolated prior to the experiment. After the incubation, we counted the number of spermatophores, lost or attached to females.
Mating rate is equal to spermatophore production rate because males transfer one spermatophore per mating event. We also measured male mating rate in laboratory cultures using 24 h old virgin adults to minimize effects of non-receptive females and individual's age on mating rates (Ceballos and Kiørboe, 2011) . Forty-five couples were incubated during 24 h in 69 mL flasks (Choi and Kimmerer, 2009) , and fed ad libitum. There was no difference between field and lab mating rates (see below) and we consider the potential bias due to different methodology negligible. We calculated the male reproductive 'time out', i.e. the time males need to produce a new spermatophore, as the inverse of the male mating rate.
Statistical analysis
When analyzing the influence of environmental parameters on the fraction of fertilized females, we used a generalized linear model (GLM, McCullagh and Nelder, 1989) with binomial distribution with individual fertilization status (1/0) as the dependent variable, and included chlorophyll a concentration in the maximum fluorescence depth, mating rate of males, average temperature, adult density and sex ratio as independent factors in the starting model. We then reduced the model to the minimum adequate model using stepwise backward elimination based on statistical significance level. To investigate further the effect of male and female density, we used a similar GLM but with male and female density as independent factors. The difference in male mating rate among stations was analyzed using a GLM assuming a quasi-poisson family (due to the overdispersed count data, Zeileis et al., 2008) . The number of matings per male was used as dependent variable and station as fixed factor. We compared this model and one without station by using a Chi-square test. We compared the mating rates from the field and the laboratory using a GLM assuming a quasi-poisson distribution, with location (laboratory/field) as the independent factor and mating rate as dependent factor. We used the Chi-square test to compare the frequency of fertilized females among stations, and data were checked for homogeneity of variance with the Bartlett's test. The analyses were run using R (R Core Team, 2013).
R E S U LT S
Surface temperature varied between 14 and 188C during the survey and phytoplankton biomass was quite high given the time of the year ( Fig. 2A and B , Richardson et al., 1998) . Densities of T. longicornis ranged from 19 to 101 individuals m 23 and sex ratios (males/females) were around 1 at most stations (Fig. 2C) .
On average 41% (range: 27-52%) of the field females were fertilized (Fig. 3A) . In the dense laboratory cultures (10 000-31 000 individuals m 23 ), the FFF was similarly low (average: 37%, range: 25-52%). The theoretical model predicted that all the females should be fertilized when using the measured population parameters as input. The overestimation ranged between 48-73% and 48-75% for field and lab populations, respectively. To make predictions and observations match, the male search volume would need to be two to three orders of magnitude lower than what is observed in this species (Doall et al., 1998) . This suggests that only between 0.1 and 1% of the male -female encounters result in successful mating.
Neither temperature, food availability, sex ratio, nor male mating rate explained the variance in the FFF (Table I ), but the FFF was negatively correlated with both adult and male density (Table I) .
On average, males mated ,1.5 times per day and a large fraction (28 -57%) of the males did not mate at all. Male mating rate varied significantly among stations, from 0.5 to 2.5 matings day 21 (Fig. 3B) . Maximum individual mating rate was 8 day
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, and in the laboratory some males mated up to 10 times per day (Fig. 3B) . Male 'time out' of reproduction in the field varied for the different stations (Fig. 3B ) and averaged 17.9 + 3.7 h (SD). The shortest 'time out' was just 2.4 h and found in the laboratory. The male mating rate was not influenced by the sex ratio, or by female, male or adult abundance in their original population, and it was similar between the laboratory and the field (Fig. 3B) .
D I S C U S S I O N
We found a low fraction of T. longicornis fertilized females in North Sea summer populations and in laboratory cultures even when male availability was high and mating not encounter limited. At low population density, sperm limitation and 'Allee effects' may affect copepod population dynamics (Choi and Kimmerer, 2009 ). Sperm or mating limitation has only rarely been considered as an important factor for copepod population dynamics (Kiørboe, 2007; Kimmerer, 2008, 2009) , and our theoretical calculation suggests that mating limitation was insignificant in both lab and field populations. Although there is plenty of information about egg hatching success for many species, including T. longicornis (e.g. Maps et al., 2005; Dutz et al., 2012) , published data on fertilized frequency are rare (Hopkins, 1982; Uye and Sano, 1995) . Why are such a low fraction of females fertilized?
There is the possibility that we might have mistaken females that produced resting eggs for unfertilized females in the field, but we think that this is unlikely to be a significant source of error because (i) the production of resting eggs in T. longicornis peaks in spring and early summer (Castellani and Lucas, 2003; Engel and Hirche, 2004) and (ii) we would count a female as fertilized even if only 1 of the eggs hatches. Given hatching rates during August of 20 -40% (Castellani and Lucas, 2003) , we are convinced that our results should not be significantly biased by this possibility. Additionally, post-reproductive females may account for the occurrence of non-fertilized females as T. longicornis is known to survive beyond its reproductive time period (Sichlau and Kiørboe, 2011) . We assessed the fraction of post-reproductive females by assuming a constant adult mortality rate, d, and a duration of the reproductive period (from maturation to cessation of producing fertilized eggs), T. The fraction of post-reproductive females in a population can then be estimated as:
With T ¼ 18 days (Sichlau and Kiørboe, 2011) and d ¼ 0.1 days 21 (Hirst and Kiørboe, 2002) post-reproductive females constitute at most 16% of the females, which is much less than the observed fraction of unfertilized females. Moreover, a mortality of 0.1 day 21 is typical for small copepods, but it may be higher in August when predation pressure on copepods is at its annual maximum in the North Sea (Kiørboe and Nielsen, 1994) . Therefore, our calculation may even overestimate the fraction of postreproductive females.
Food quality, sex-change and temperature may explain low hatching rates in copepods and low percentages of spawning females (e.g. Maps et al., 2005; Gusmão and McKinnon, 2009; Jónasdóttir et al., 2009 , Dutz et al., 2012 , but this seems not to be the case in our study. Even in the lab cultures, where mate encounter rate and food quality are optimal and egg hatching success is near 100% (Jónasdóttir and Kiørboe, 1996) , a large fraction of the females were not fertilized. Seasonality is unlikely to explain the low FFF mainly because there is no seasonality in the lab cultures, yet we find many unfertilized females.
Limited male mating capacity can explain fertilization limitation in populations of the copepod Oithona davisae with a very female-biased sex ratio and low male spermatophore production (Kiørboe, 2007) . However, this mechanism cannot explain the low fertilization fraction in female T. longicornis, because we observed a decrease in this fraction with increased population and male density. Additionally, the 'time out' of reproduction for T. longicornis males is short enough to ensure high numbers of fertilized females. It is striking that .25% of the males did not mate despite a plentiful supply of females. Our results suggest that mating in T. longicornis is not random and accordingly the model assuming no mate choice clearly overestimates FFF. A male may encounter a female signal without this leading to a successful mating and there can be several explanations for this. The male may lose the female trail before encountering the female . Predation risk can reduce sexual activity and mating success in copepods (LasleyRasher and Yen, 2012), but predation does not explain our results because FFF was also low in our lab populations. A mating is only successful if the female gets fertilized, which requires the male to correctly transfer and attach the spermatophore in the female's genital opening. Wrong placements of spermatophores have been described before (Blades, 1977; Hopkins and Machin, 1977) , and the loss of the spermatophore during the transfer is also possible. However, such mistakes are unlikely to be common in such a fitness related trait, and therefore it is unlikely to explain the high percentage of non-fertilized females and the computed low success of encounters that we found.
We propose that sexual selection by mate choice, male-male competition and other reproductive behaviors could affect the mating activity of copepods, reduce female mating success and cause fertilization limitation. For example, in T. longicornis males use female pheromones to locate females (Doall et al., 1998) , and males that have found a trail may disrupt it and prevent further males from finding this female (Uchima and Murano, 1988) . Thus, the males with the best female-searching skill would be favored in a context of male-male competition. Our proposal is consistent with recent experimental and theoretical studies that have demonstrated sexual selection by mate choice in three copepod species Kiørboe, 2010, 2011; Sichlau and Kiørboe, 2011; Heuschele et al., 2012) .
This study is the first to present field observations that suggests significant effects of sexual selection on population dynamics in zooplankton. How these effects drive mating behavior, their relative importance in different populations and through the seasonal cycle is unknown. Sexual selection can speed up adaptations to changing environments and may have contributed to the evolutionary success of copepods in the oceans. However, it may also have negative impacts at the population level in terms of reduced population growth rate (e.g. Møller and Legendre, 2001 ). The topic deserves further consideration in future studies of zooplankton mating behavior and population dynamics. 
